We assessed a large consanguineous Pakistani family (PKAB157) segregating early onset low vision problems. Funduscopic and electroretinographic evaluation of affected individuals revealed juvenile cone-rod dystrophy (CRD) with maculopathy. Other clinical symptoms included loss of color discrimination, photophobia and nystagmus. Whole-exome sequencing, segregation and haplotype analyses demonstrated that a transition variant (c.955T4C; p.(Cys319Arg)) in CNGA3 co-segregated with the CRD phenotype in family PKAB157. The ability of CNGA3 channel to influx calcium in response to agonist, when expressed either alone or together with the wild-type CNGB3 subunit in HEK293 cells, was completely abolished due to p.Cys319Arg variant. Western blotting and immunolocalization studies suggest that a decreased channel density in the HEK293 cell membrane due to impaired folding and/or trafficking of the CNGA3 protein is the main pathogenic effect of the p.Cys319Arg variant. Mutant alleles of the human cone photoreceptor cyclic nucleotide-gated channel (CNGA3) are frequently associated with achromatopsia. In rare cases, variants in CNGA3 are also associated with cone dystrophy, Leber's congenital amaurosis and oligo cone trichromacy. The identification of predicted p.(Cys319Arg) missense variant in CNGA3 expands the repertoire of the known genetic causes of CRD and phenotypic spectrum of CNGA3 alleles.
INTRODUCTION
Cone-rod dystrophy (CRD) 1 is a group of rare, genetically and phenotypically heterogeneous retinal disorders that primarily affect cone photoreceptor function, with concomitant or subsequent loss of rod photoreceptors. Other visual deficits observed in individuals suffering from CRD include color vision abnormalities, maculopathy, photophobia and night blindness. The prevalence of CRD has been estimated to be 1:30 000-1:40 000. 1-3 CRD can manifest under a variety of inheritance models, though the autosomal recessive mode of inheritance is the most prevalent. To date, eight genes responsible for autosomal recessive CRD have been identified: ABCA4 (OMIM#601691), 4 ADAM9 (OMIM#602713), 5 C8orf37 (OMIM#614477), 6 CERKL (OMIM#608381), 7 EYS (OMIM#612424), 8 RPGRIP1 (OMIM#605446), 9 RAB28 (OMIM#612994) 10 and TULP1 (OMIM#602280). 11 However, the known variants do not account for all cases of CRD. 12, 13 Here, we report the genetic cause of juvenile CRD with maculopathy segregating in an autosomal recessive pattern in family PKAB157. Through whole-exome sequencing, we identified a novel variant (c. 955T4C) in the CNGA3 gene co-segregating with CRD phenotype in family PKAB157. To date, 81 CNGA3 alleles have been documented in various populations around the world. The majority of these (76) are associated with achromatopsia (OMIM#600053), while 3 variants are known to cause cone dystrophy (CD), 14 one has been reported in a subject diagnosed with Leber's congenital amaurosis (LCA), 15 and one has been reported in an individual with oligocone trichromacy. 16 The c.955T4C change identified in family PKAB157 represents the first variant of CNGA3 which was found to be responsible for the CRD phenotype.
MATERIALS AND METHODS

Family participation and clinical evaluation
The study conformed to the tenets of the Declaration of Helsinki and received approval from the Institutional Review Board (IRB) Committees at the Children's Hospital Research Foundation, Cincinnati and the Bahauddin Zakariya University, Multan, Pakistan. Informed written consent was obtained from the adult subjects and the parents of minor subjects. The clinical diagnoses were based on ophthalmic examinations, including funduscopy, full-field electroretinography (ERG) recordings, visual acuity measurements, standard color vision testing (Farnsworth Dichotomous Series: D-15) and optical coherence tomography (OCT) scans. Peripheral blood samples were collected from each participating individual for genomic DNA extraction using standard procedures.
Targeted capture and exome sequencing
In all, 1 mg of double-stranded DNA from two affected individuals (IV:1 and IV:4) from family PKAB157 was sheared via sonication on a Diagenode Bioruptor (Diagenode Inc., Denville, NJ, USA). Library construction was performed in an automated manner on an IntegenX Apollo324 (IntegenX, Pleasanton, CA, USA). Following PCR amplification, 1 mg of the genomic library was recovered for exome enrichment using the NimbleGen EZ Exome V2 kit (Roche Diagnostics, San Francisco, CA, USA). One hundred base pair paired-end sequencing was performed using the Illumina Hi-Seq 2000 system (Illumina, San Diego, CA, USA). The obtained sequencing data were analyzed following the guidelines outlined in the Broad Institute's Genome Analysis Toolkit. 17, 18 The raw data were mapped using the Burrows Wheeler Aligner. 18 Variants were called using the Unified Genotyper software (Broad Institute, Cambridge, MA, USA), and the data were then subjected to further processing and quality control. 17, 18 To narrow down the potential candidate variants, we used the following filtration technique: (1) Given that we were searching for variants present in a homozygous manner in samples from affected individuals, the disease-causing allele should be present in 100% of reads. Nevertheless, considering the limitations of this technology (poor sequencing toward the ends of reads and general, minor sequencing errors), 19, 20 we set this limit to 70%. (2) Known SNPs (db135 version) and variants recurring in the 1000 Human Genomes or NHLBI exome databases with a minor allele frequency of 40.01 underwent bioinformatic filtration. 21, 22 (3) Non-conserved deep intronic changes, other than those present in predicted regulatory/promoter regions or at splice junctions, were filtered out. (4) Synonymous changes, other than those present at splice junctions, were also filtered out. (5) Pakistani-specific polymorphisms were filtered out using our in-house exome sequencing data of Pakistani individuals with normal vision.
Allelic variant segregation and haplotype analyses
Primers (Forward: 5 0 -ttaatggtcagtgataccaacagg-3 0 ; Reverse: 5 0 -ctacgaccacaaagagatactcctc-3 0 ) were designed using Primer3 (http://primer3.sourceforge.net/) for c.955T4C variant segregation analysis in family PKAB157. The sequencing method applied to the PCR products has been described previously. 23 An ABI 3730xl DNA capillary analyzer (Grand Island, NY, USA) was used to resolve the products, and the Lasergene DNAstar software (http://www.dnastar.com) was employed to analyze the results. The c.955T4C sequencing data have been submitted to the NCBI repository (GenBank KJ650082) and LOVD database (http://grenada.lumc.nl/LOVD2/eye/home.php?select_db=CNGA3). Control DNA samples from an ethnically matched Pakistani population were sequenced to detect the mutant allele of CNGA3.
For haplotype analysis in family PKAB157, we genotyped CNGA3-linked short tandem repeat (STR) markers, D2S113, D2S2222, D2S2311, D2S2187 and D2S2209, using genomic DNA from all of the participating affected and unaffected members with an ABI 3730xl DNA capillary analyzer. Alleles were assigned using the Genescan and Genotyper software (Applied Biosystems, Foster City, CA, USA).
Logarithm of odds score calculations
The marker order and map distances came from the Marshfield genetic map (http:research.marshfieldclinic.org/). Two-point logarithm of odds (LOD) base 10 scores were calculated with MLINK. 24 We assumed a recessive mode of inheritance, with full penetrance of CRD in homozygotes and no phenocopies. The disease allele frequency was set at 0.001, with equal meiotic recombination frequencies for males and females.
Bioinformatic analysis
Four bioinformatic programs, Polyphen-2, 25 SNPs3D, 26 MutationTaster 27 and the Project HOPE web server, 28 were used to determine the predicted effect of the novel CNGA3 missense variant.
Expression of wild-type and mutant CNGA3 channels
To determine the impact of the newly identified variant on CNG channel functionality, homomeric as well as heteromeric CNG channels were heterologously expressed in human embryonic kidney 293 (HEK293) cells. Wild-type human CNGA3 (RefSeq NM_001298.2) and CNGB3 (RefSeq NM_019098.3) expression constructs were generated as described previously. 29 A human CNGA3 expression construct harboring the c.955T4C variant (CNGA3 C319R ) was obtained via in vitro mutagenesis using the QuikChange Site-Directed Mutagenesis Kit (Agilent Technologies, Santa Clara, CA, USA) and full-length wild-type CNGA3 cDNA cloned into the pcDNA3.1/Zeo( þ ) vector (Life Technologies, Grand Island, NY, USA) as a template. The correct sequences of the cDNA inserts were confirmed via automated DNA sequencing on an ABI PRISM 3100 Genetic Analyzer (Applied Biosystems).
Column-purified wild-type and p.Cys319Arg mutant expression constructs were employed to transfect HEK293 cells using the Lipofectamine 2000 (Life Technologies) reagent according to the manufacturer's protocol. For calcium imaging, the cells were co-transfected with the cyan fluorescent protein (CFP) expression vector pECFP-C1 (Clontech, Mountain View, CA, USA) to distinguish transfected from untransfected HEK293 cells. For the expression of homomeric channels, we used 8 mg of the CNGA3 construct and 2 mg of the CFP plasmid, whereas in co-expression experiments, 3 mg of the CNGA3 construct and 5 mg of the CNGB3 construct were combined with 1.25 mg of the CFP plasmid in a 6-well transfection format. For immunocytochemical analyses, HEK293 cells were transfected using 0.5 mg of the CNGA3 plasmid and 0.5 mg of a plasmid encoding a plasma membrane-bound red fluorescent protein (mHcRED) in a 24-well format. HEK293 cells to be used for western blot experiments were transfected using 15 mg of the CNGA3 plasmid in a 6-cm Petri dish. After transfection, the cells were transferred to poly-L-lysinecoated coverslips for calcium imaging and immunocytochemical analyses and incubated at 27 or 37 1C in DMEM including 10% fetal bovine serum, 1% penicillin/streptomycin and 1% Fungizone (Life Technologies). To stimulate the expression of the transfected plasmids in the calcium imaging and western blot experiments, HEK293 cells were treated with 3 mM sodium butyrate (Sigma-Aldrich, Munich, Germany) beginning 24 h after transfection. Analyses were performed 48 h after transfection start.
Calcium imaging
Human wild-type and p.Cys319Arg mutant CNGA3 channels were expressed either alone or together with the wild-type CNGB3 subunit, and the function of the channels was analyzed via calcium imaging using an Olympus BX50WI (Hamburg, Germany) equipped with an imaging system from TILLvisION (TILL Photonics, Graefelfing, Germany). Transfected HEK293 cells were loaded with the Ca 2 þ -sensitive fluorescent dye fura-2 30 
Western blot and immunocytochemistry analyses
For western blot experiments, enriched membrane fractions were obtained via centrifugation of HEK293 cell lysates. Membrane fractions of transfected and non-transfected cells were separated through SDS-PAGE (12% acrylamide gel; 40 mg protein per lane) and transferred onto nitrocellulose membranes. The blots were blocked with a 5% milk powder solution and probed with the anti-CNGA3 antiserum SA3899 (1:1000) or anti-b-actin (1:4000; Chemicon/ Millipore, Billerica, MA, USA) as a loading control, followed by an anti-rabbit IgG horseradish peroxidase-linked secondary antibody (1:4000; Amersham Bio-sciences, Arlington Heights, IL, USA) or anti-mouse IgG horseradish peroxidase-linked secondary antibody (1:10 000; Calbiochem/Merck, Darmstadt, Germany), respectively. SA3899 is a rabbit polyclonal antiserum raised against the C-terminus (p.Ile605 to Gln694) of the human CNGA3 protein that was established in our group.
Immunocytochemical analyses of transfected HEK293 cells were performed to analyze the integration of mutant channels into the plasma membrane. HEK293 cells were co-transfected with a plasmid encoding a red-fluorescent protein (mHcRed) that is targeted to the plasma membrane via an N-terminal palmitoylation signal to label the plasma membrane. The coding sequence of GFP in pCAG-mGFP 31 was replaced with the coding sequence of HcRed from pHcRed1-1N1 (Clontech). Immunocytochemical staining was performed 48 h after transfection as described previously. 32 CNG channels were detected with the anti-CNGA3 primary antibody SA3899 (1:250) and an Alexa-488 coupled goat anti-rabbit antibody (1:250; Life Technologies). Image acquisition was performed using the Axio Imager Z1 System with Apotome (Carl Zeiss AG, Oberkochen, Germany). Z-stacks of labeled cells were recorded with a distance Tools from ImageJ 1.43m (Rasband WS, ImageJ) were used to assess the degree of colocalization of the wild-type and mutant channels with the plasma membrane. The background fluorescence from CNGA3 staining and mHcRed fluorescence was subtracted using the 'BG subtraction from ROI' plug-in. Subsequently, the cell membrane of a cell that expressed CNG channels was selected using the region of interest tool, and the Manders' overlap coefficient was calculated with the 'Manders coefficients' plug-in. For the wild-type and p.Cys319Arg mutant channels, at least 10 cells were analyzed. The data are presented as the mean ± SD. For statistical evaluation, the Mann-Whitney rank sum test was performed using MYSTAT 12 Version 12.02.00 (SYSTAT Inc., Chicago, IL, USA).
RESULTS
Clinical evaluation revealed CRD in family PKAB157
We enrolled a large, consanguineous Pakistani family (PKAB157) with six affected siblings, whose ages range from 4 to 17 years ( Figure 1) . Detailed clinical evaluation of the affected individuals of family PKAB157 revealed juvenile CRD with maculopathy (Table 1) . Funduscopic imaging of both eyes revealed macular atrophy of varying degrees in all of the affected patients ( Figure 2 ). The observed macular atrophy was centered on the fovea and included the retina, retinal pigment epithelium (RPE) and choroid, with preservation of larger and deep choroidal vessels (Figure 2 ). Spectral domain optical coherence tomography (SD-OCT) horizontal raster and foveal scans revealed retinal and RPE thinning with transmission defects in normal-thickness choroids or irregular RPE thickening at the fovea, surrounded on each side by disruption of the inner segment ellipsoid band and outer retinal thinning (Supplementary Figure 1) .
Despite the clinical appearance of localized, central retinal degeneration, full-field ERG demonstrated a pattern of cone (photopic) responses that were markedly reduced or absent, suggesting widespread retinal dysfunction (Figure 3) . Rod (scotopic) responses were observed in the younger affected individuals (eg, IV:4; Figure 3 ) but were significantly diminished in the older affected siblings, consistent with a diagnosis of CRD. Color vision testing using the panel D-15 test revealed a diffuse color vision deficit among the affected individuals (Supplementary Figure 2) .
A missense variant in CNGA3 causes CRD in family PKAB157 Exome sequencing in siblings IV:1 and IV:4 revealed a c.955T4C transition alteration in exon 7 of CNGA3 (GenBank NM_001298.2) that co-segregated with the CRD phenotype in family PKAB157 ( Figure 1 ; Table 2 ). The c.955T4C change is predicted to cause the substitution of cysteine for arginine at position 319 (p. (Cys319Arg) ) of the polypeptide. This residue is located in the fifth transmembrane (S5) region of the CNGA3 channel subunit (Figure 4a) . No carriers of the c.955T4C variant were found among 552 ancestry-matched control chromosomes, in the 1000 Genomes database or in the 6500 individuals who are listed in the NHLBI-ESP variant database. 21, 22 Segregation analysis confirmed biparental transmission of the variant (Figure 1) . A statistically significant two-point LOD score of 3.14 at recombination fraction y ¼ 0 was observed for CNGA3-linked STR marker D2S2222, further supporting the linkage between the CRD phenotype and CNGA3 on chromosome 2q11.2 in family PKAB157.
Bioinformatics analyses predict CNGA3 misfolding due to the p.(Cys319Arg) variant Amino-acid alignments of several CNGA3 orthologs and human CNG alpha and beta subunits indicate high conservation of cysteine 319 (Figures 4b and c) . Polyphen-2 (probability score 1.000), SNPs3D ( À3.61) and MutationTaster (0.999) prediction programs suggested that the p.(Cys319Arg) alteration was deleterious. The HOPE prediction program suggested that due to its positive charge, size, and lower hydrophobicity compared with the wild-type residue, the substitution of an arginine at position 319 is predicted to disturb ionic and hydrophobic interactions with the other transmembrane helices or The channel activity of CNGA3 is significantly diminished due to the p.Cys319Arg variant To determine the impact of the p.Cys319Arg variant on the channel function of CNGA3, we performed a ligand-induced calcium permeability assay using human embryonic kidney (HEK293) cells heterologously expressing either homo-oligomeric (only CNGA3) or hetero-oligomeric (CNGA3 þ CNGB3) channels. In contrast to the wild-type protein, the CNGA3 channel harboring the p.Cys319Arg alteration did not mediate any 8-Br-cGMP-induced calcium influx when expressed either alone or together with the wild-type CNGB3 subunit (Table 3) . Reducing the culture temperature of transfected HEK293 cells, which is a method that has previously been shown to enhance the folding and/or trafficking of mutant CNG channels, 32, 33 did not improve the functionality of mutant homomeric or heteromeric channels (Table 3 ).
The p.Cys319Arg variant affects the stability of the CNGA3 protein To confirm the expression of the CNGA3 mutant channel (CNGA3 C319R ) in transiently transfected HEK293 cells, we performed western blot analysis using enriched membrane fractions and an anti-CNGA3 antibody. The levels of the CNGA3 C319R protein were comparatively lower than the wild-type protein, possibly as a result of reduced protein stability (Figure 5a ). To exclude false negative results due to a hidden variant in the expression construct, two clones from two independent in vitro mutagenesis experiments were analyzed. 
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Next, we performed immunocytochemistry experiments to determine whether the p.Cys319Arg variant affected the integration of the mutant channel into the plasma membrane (Figures 5b and c) . For this purpose, HEK293 cells were co-transfected with a plasmid encoding a red-fluorescent protein (mHcRed) targeted to the plasma membrane. To quantify the extent of colocalization of the CNGA3 C319R mutant channel with the plasma membrane, we calculated the Manders' overlap coefficient. 34 In comparison with the wild-type protein, the homomeric CNGA3 C319R mutant channel showed a significantly reduced Manders' overlap coefficient, indicating that the integration of CNGA3 C319R channels into the plasma membrane was reduced due to impaired protein folding and/ or trafficking (Figure 5c ). Taken together with calcium imaging results, our functional analyses revealed that in vitro the p.Cys319Arg alteration in the S5 region severely affects the stability and function of the encoded mutant CNGA3 channel.
DISCUSSION
Previous studies have reported three cases of CD due to pathogenic variants of CNGA3. 14 The clinical features of these individuals included abnormal color vision, photophobia, nystagmus and reduced or absent cone ERG responses. 14 In this study, we identified a pathogenic missense variant in CNGA3 that cosegregates with a CRD phenotype in family PKAB157. The affected individuals from family PKAB157 presented similar cone photoreceptor abnormalities as reported for individuals with CD. 14 In addition, we performed funduscopic examinations and measured scotopic ERG responses, which further suggested rod dysfunction in affected individuals of family PKAB157. It should be noted that detailed description of rod photoreceptors function was not reported for three individuals with CNGA3-associated cone dystrophies, 14 thereby preventing us from further comparison. Nevertheless, due to the very early onset rod dysfunction and macular atrophy observed in some patients (eg, individual IV:1), the phenotype segregating in family PKAB157 was classified as CRD. 1, 13 The CRD phenotype segregating in family PKAB157 shows progression in the severity of the disease with age. Imaging evaluations of all of the affected individuals homozygous for the c.955T4C variant revealed macular atrophy. Such findings in the fundus have frequently been described as 'macular coloboma' , although this term is inappropriate, as their appearance bears no relation to defects of optic cup closure during embryonic development. In the obtained ERG responses, the rod amplitudes and implicit times (in addition to the cones) were also progressively more abnormal, especially in the older affected siblings, which suggest age-dependent progression to CRD phenotype. The phenotype observed in the affected individuals from family PKAB157 is consistent with the consequences to retinal function observed in Cnga3 knockout mice, in which loss of cone function also leads to secondary rod dysfunction and degeneration. 35 Due to the observed cone and rod abnormalities, Cnga3 null mice are classified as a model for CRD. 35 Several possible explanations have been proposed for the secondary rod dysfunction found in Cnga3 null mice, including attenuated transmission from rod to rod bipolar cells, remodeling of the neuronal circuitry, impaired ribbon synapse integrity or aberrant gap junctional coupling of cones and rods. 35 It is intriguing that in humans, different alleles of CNGA3 cause clinically distinct phenotypes, achromatopsia, CD, CRD or LCA. One possibility is that the genetic background modifies the phenotypic outcome of CNGA3 variants. Alternatively, differences in mutant alleles of CNGA3 may directly account for the different phenotypic outcomes. Knock-in alleles of mouse Cnga3 engineered to model human variants could aid in addressing these questions.
The native cone cyclic nucleotide-gated (CNG) channel is composed of three CNGA3 subunits and one CNGB3 subunit, 36 and displays a crucial function in cone phototransduction. [37] [38] [39] The CNGA3 and CNGB3 subunits are structurally similar, being composed of six transmembrane domains (S1-S6), a pore-forming region, a cyclic nucleotide-binding domain and a C-linker region (Figure 4a ). While CNGA3 alone is sufficient to form functional CNG channels in heterologous expression systems, CNGB3 requires co-expression of the CNGA3 subunit. 40, 41 Although 81 different variants of CNGA3 have been documented to date, only 2 known (Figure 4a ) of the CNGA3 protein. 38 The p.(Cys319Arg) allele segregating in family PKAB157 is the first homozygous missense variant located in the S5 region (Figure 4a ). The results of our in vitro functional characterizations support the pathogenic nature of p.Cys319Arg change, which might not mediate any cone function under physiological conditions. In young affected individuals from family PKAB157, residual cone function was intact, despite the fact that our in vitro functional studies suggested that p.Cys319Arg is a loss-of-function allele of CNGA3. This apparent lack of correlation with the phenotype observed in the patients could be due to an insufficient sensitivity of our in vitro HEK293 cell-based functional system or basic differences compared with native cone photoreceptor cells. We therefore reason that a few mutant channels might have escaped the quality control process in early cones and be sufficient to carry out residual cone responses in the young affected individuals, after which these cones rapidly degenerate with age. Numerous CNGA3 variants, causing achromatopsia, have been assessed functionally upon heterologous expression in Xenopus oocytes or HEK293 cells with the majority of mutant channels being non-functional in calcium imaging or patch clamp experiments, 29, 32, 33, [42] [43] [44] [45] -similar to what has been observed for p.Cys319Arg mutant channels. Besides affecting the apparent ligand sensitivity, impaired protein folding and/or trafficking resulting in a decreased channel density at the cell membrane is a common consequence of variants in the CNGA3 subunit. 32, 33, 42, 43, 45 Immunocytochemical analyses performed in this study demonstrated that the p.Cys319Arg variant also leads to a disturbed surface expression. For some of the CNGA3 variants, it was shown that this folding/trafficking defect could be rescued by the presence of the wild-type CNGB3 subunit in heteromeric channels or by lowering the cultivation temperature of the corresponding heterologous expression system. 29, 32, 33, [42] [43] [44] [45] Both approaches were also applied in the case of the p.Cys319Arg mutant channels, but here no improvement of channel functionality could be observed in calcium imaging experiments. As shown in this study, the alteration in p.Cys319Arg also affects protein stability, an observation which has so far only been described for two pore variants and one variant located in transmembrane domain 4 of CNGA3, 42, 43 representing another mechanism how CNGA3 variants impair channel functionality.
In summary, our data demonstrate that the c.955T4C variant in CNGA3 causes early onset progressive CRD with maculopathy. Functional analysis of this transmembrane helix S5 mutant reveals instability of the protein and impaired surface expression, indicating the importance of S5 for the structural and functional integrity of the cone CNG channel. Our clinical and molecular analysis of CNGA3 alleles may prove useful for future genetic diagnosis and counseling as well as for molecular epidemiology studies of cone-rod dystrophies. CNGA3 subunits were immunolabeled in green with an anti-CNGA3 primary antibody and an Alexa-488-coupled secondary antibody. As a plasma membrane marker, HEK293 cells were co-transfected with a plasmid encoding a red-fluorescent protein (mHcRed) that is targeted to the plasma membrane via an N-terminal palmitoylation signal. Compared with the wild-type protein, significantly reduced colocalization of the CNGA3 C319R mutant channel and plasma membrane was observed. (c) The Manders' coefficient was used to quantify the colocalization of the red and green staining at the plasma membrane, further confirming the statistically significantly (***Po0.001) reduced expression of the CNGA3 channel harboring p.Cys319Arg variant at the plasma membrane.
